Many of today's technological challenges require integration of two or more monolithic material components. Much attention has therefore been paid to the study of interfacial coupling between individual components in composite material systems, 1 , 2 where new functionalities can arise from coupling among different variables (order parameters) across the interfaces (see the Introductory article in this issue). In particular, in composite nanostructures with relatively large numbers of interfaces, one can utilize these new functionalities to achieve ultimate performance in a device.
One good example is multiferroic magnetoelectric nanostructures, with magnetic and ferroelectric materials integrated at the nanoscale. Figure 1 shows a nanostructure with juxtaposed magnetic and ferroelectric layers. Across the interface, electric polarization in the ferroelectric layer can be coupled to the magnetization in the magnet, based on the interplay among the lattice, charge, spin, and orbit degrees of freedom achieved typically through the exchange of certain type(s) of potential energy, such as mechanical, electric, and magnetic. Such coupled polarization and magnetization further enable an electrically tunable magnetization or a magnetically tunable polarization, known as converse and direct magnetoelectric coupling, respectively. In this article, we review several novel device prototypes based on interfacebased magnetoelectric coupling and provide a brief outlook. Details of recent progress in multiferroic magnetoelectric nanostructures can be found in existing review articles (e.g., References 3 -6 ).
Ultrahigh-density magnetic memories
Based on converse magnetoelectric coupling in multiferroic magnetoelectric nanostructures, the magnetization is switched with an electric fi eld (via, strain 7 -12 or exchange bias 13 -18 across the interface) rather than a current. This property can be exploited to lift the obstacles now limiting the storage densities of magnetic memories.
Ultrahigh-density hard disk drive
The density limit for a hard disk drive (HDD) is set by the thermal stability of one storage unit that consists of a number of magnetic grains (typically 50-100) in a granular recording medium. 19 This density limit is about 1 Tb in -2 for stateof-the-art perpendicular recording technology, where the bit information (i.e., 0 and 1) is represented by the polarity of a magnetization aligning perpendicularly to the plane of the recording medium. 20 To achieve higher area density, the thermal stability of one storage unit, expressed as K u V m / k B T
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(where K u is the uniaxial magnetic anisotropy energy potential, V m is the effective volume of the storage unit that contributes to magnetic energy, k B is the Boltzmann constant, and T is the temperature in Kelvin), must be enhanced. 19 The fi rst approach to enhancing thermal stability is by utilizing perpendicular recording media with higher K u values. However, the magnetic coercive fi eld ( H c ) would also become higher and eventually go beyond the available write magnetic fi eld. Write assist is therefore required to reduce H c momentarily. For example, an electric fi eld can be utilized to assist magnetization reversal (i.e., electrically assisted magnetic recording [EAMR]) 8 , 21 by reducing H c in a single magnetic thin fi lm 22 or, more effi ciently, in a recording medium based on multiferroic magnetoelectric nanostructures. 8 In these nanostructures, marked reductions of H c have been observed 3 , 23 during electrically driven magnetization switching due to the associated large change in magnetic anisotropy. In particular, a strain-mediated, electrically driven reduction in perpendicular magnetic anisotropy (and/or H c ) has recently been observed in an L1 0 -ordered (a type of face-centered cubic-based-ordered structure) FePt fi lm, 24 one of the promising candidates for practical perpendicular recording media, 25 and in an ultrathin (1. Compared to another emerging technology of heat-assisted magnetic recording (HAMR) 27 , 28 that involves the use of heat from a focused laser beam to reduce H c , EAMR is much easier to achieve, as it does not require the complex integration of optical, electronic, and magnetic device components in write heads, and therefore can potentially lead to higher storage densities. Figure 2 a schematically shows one possible setup of EAMR, where a horizontal multiferroic magnetoelectric nanostructure (i.e., juxtaposed nanometer-thick magnetic and ferroelectric fi lms) is considered as the recording medium.
The second approach to enhancing thermal stability is to increase the effective volume of a storage unit (i.e., V m ). For example, it is possible to replace the continuous magnetoelectric composite thin fi lms in Figure 2a with high-density bit-patterned arrays of isolated multiferroic magnetoelectric nanoislands, or bit-patterned magnetoelectric media (BPMeM), as shown in Figure 2b . In this case, each magnetic island represents one storage unit, and the entire volume of the island ( V i ) can contribute to the magnetic anisotropy energy (i.e., V m = V i ). More promisingly, purely electric-fi eld-driven 90° and 180° perpendicular magnetization switching have recently been computationally demonstrated in BPMeM using phase-fi eld simulations, 29 , 30 indicating the possibility of achieving electrically driven magnetic recording (EDMR) under zero magnetic fi elds (hence without requiring the write coil; see Figure 2b ). This EDMR technology can enable ultrahigh-density HDD benefi ting from both the much simpler structure and the much lower heat dissipation requirement. (Ideally, there should be no leakage current during writing.)
Ultrahigh-density magnetic random-access memory
Magnetic random-access memory (MRAM) is one of the most promising types of "universal memory" 31 , 32 that has the potential to replace static random-access memory (SRAM) . Schematics of (a) electrically assisted magnetic recording, where an electric fi eld ( E ) is generated across the storage unit by applying a voltage ( V ) through the write head and an electrode layer underneath the ferroelectric layer. (b) Possible electrically driven magnetic recording under zero magnetic fi eld in high-density arrays of magneticferroelectric nanoislands, namely, bit-patterned magnetoelectric media, where the electric fi eld is selectively applied across the isolated storage unit through the write head and the patterned bottom electrode. Perpendicularly magnetized recording media are considered in all cases, with the arrows indicating magnetization orientations. For simplicity, only the principle of the writing process is shown. (a) Prepared on the basis of Reference 21. Magnetic and ferroelectric thin fi lms in (a) (1a and 2a, respectively) and nanoislands (1b and 2b, respectively) in 2b; (3a) thin-fi lm and (3b) patterned electrode underlayer in 2a and 2b, respectively; (4) substrate; (5) write coil; and (6) Yoke/return pole. Note: I , current.
as the cache memory of the central processing unit, dynamic random-access memory (DRAM) as the principal working memory, or fl ash memory for permanent data storage. In stateof-the-art MRAM, magnetization in one of the two magnetic layers (separated by a nonmagnetic layer; see Figure 3 a) is switched by 180° with a current ( I ) through spin-transfer torque, 33 , 34 inducing high and low electrical resistance states for antiparallel and parallel magnetization alignment through giant magnetoresistance 35 , 36 or tunnel magnetoresistance. 37 , 38 However, the heat dissipation from the current limits the storage density. Thus, a signifi cant amount of research effort has recently been devoted to reducing the threshold current of triggering magnetization reversal 39 by utilizing, for example, vertical current injection 40 -42 or an assisting electric fi eld. 43 In parallel, switching magnetization with an electric fi eld, because of its negligible heat dissipation, can be exploited for the design of ultrahigh-density MRAM [i.e., magnetoelectric RAM (MeRAM)]. 44 For example, using phase-fi eld simulations, a multiferroic magnetoelectric-nanostructure-based MeRAM with an area density of up to 88 Gb in -2 was computationally demonstrated. 45 The core unit of such an MeRAM is shown in Figure 3b . During writing, an electric voltage is applied perpendicularly across the nanostructure of a magnetic free layer on top of a ferroelectric layer, and the switching of magnetization in the free layer ( M free ) is then triggered based on magnetoelectric coupling across the interface. The heat dissipation during this process would be negligible if the ferroelectric were suffi ciently insulating. The energy consumption can be estimated as 0.5 CV 2 (where C is the capacitance and V is the driving voltage), that is, the energy required to charge a capacitor. If perfect surface screening of polarization charges in the ferroelectric capacitor is assumed, the energy consumption can be further approximated as 0.5 P r SV (where P r is the remnant polarization, and S is the electrode area, which equals the in-plane size of the magnetic free layer according to Figure 3b ) .
Taking a juxtaposed 64 nm × 64 nm × 5 nm nickel nanomagnet and a PMN-PT ferroelectric layer as a representative nanostructure, the simulated loop of the change in electrical resistance of the entire magnetoresistive multilayer ( Δ R ) versus the driving voltage ( V ) is shown in Figure 3c . The distinct electric resistance states ( Δ R ≈ 2.5%) at V = 0 are induced by the nonvolatile (i.e., stable in the absence of the driving voltage) almost 90° magnetization switching in the nickel free layer (see Figure 3d ), mediated by nonvolatile piezostrains from PMN-PT. 46 An ultralow energy consumption as low as 0.16 fJ is then estimated, which is almost three orders of magnitude smaller than that of MRAM ( ∼ 0.1 pJ 47 ). The low magnitude of the driving voltage (i.e., ∼ 0.26 V) is also compatible with complementary metal oxide semiconductor (CMOS) platforms. Recent progress in fabricating highquality PMN-PT thin fi lms of giant piezoelectric response on a silicon substrate 48 provides a solid basis for the experimental demonstration of such an MeRAM device prototype.
Furthermore, strain-mediated electrically driven full 180° magnetization switching has recently been proposed for horizontal multiferroic magnetoelectric nanostructures. 30 , 49 -51 On one hand, this full magnetization switching would enhance the magnitude of the electric resistance change of the magnetoresistive multilayer to achieve a higher signal-to-noise ratio. On the other hand, it would signifi cantly enhance the reliability of the proposed MeRAM, because the proposed 180° magnetization switching takes place between the two degenerate directions of one built-in magnetic easy axis in the nanomagnet. In this case, the switched magnetization would remain stable even when the piezostrains were completely relaxed.
The proposed MeRAM concept has also been demonstrated in a BiFeO 3 -based multiferroic magnetoelectric nanostructure, 18 specifically a Co 0.9 Fe 0.1 /Cu/Co 0.9 Fe 0.1 metallic multilayer grown on top of the BiFeO 3 fi lm with a periodic, two-variant ferroelectric domain pattern. An in-plane net magnetization reversal driven by an out-of-plane voltage in the Co 0.9 Fe 0.1 free layer, mediated by exchange coupling between local ferroelectric and magnetic domains across the interface, was directly observed by x-ray magnetic circular dichroism photoemission electron microscopy. Such net magnetization reversal further leads to nonvolatile changes in the electric resistance of the metallic multilayer ( Δ R ≈ 1.4%). This is also the fi rst experimental demonstration of an MeRAM prototype based on multiferroic magnetoelectric nanostructures, notably under zero testing magnetic fi elds. A higher change in electric resistance would appear if a full reversal of uniform magnetization (i.e., single-domain magnet) could be achieved. Particularly, lower power consumption, higher device reliability, and CMOS compatibility could be achieved simultaneously if both the magnitude of the driving voltage (6 ∼ 7 V) and the leakage current in the BiFeO 3 fi lm could be reduced to some extent.
In the MeRAM prototypes discussed so far, an additional ferroelectric layer was integrated with the magnetoresistive multilayer. It is also possible to directly replace the nonmagnetic spacer layer in the magnetoresistive multilayer with an ultrathin (1-2 nm) ferroelectric layer, creating a multiferroic tunnel junction (MFTJ). 52 , 53 Compared to MeRAM, an MFTJ is simpler in structure, which could be benefi cial for achieving an even higher storage density, but reliability might be an issue because of the higher probability of dielectric breakdown in such ultrathin ferroelectrics.
In addition, the working principle of an MFTJ is based not on electrically driven magnetization switching, but on electrically modulated spin-polarized charges across the interfaces. Specifi cally, by electrically reversing the polarization of the ferroelectric tunnel barrier, the densities of interfacial spin-polarized charges and subsequently the interfacial spin-polarization (noted as η 1 and η 2 ) in two adjacent magnetic electrodes can be modulated through, for instance, spin-dependent screening. 54 As a result, the tunnel magnetoresistance ratio [= 2 η 1 η 2 / (1 -η 1 η 2 )] can be controlled electrically. 55 -57 Furthermore, the tunnel electroresistance, which is a polarization-reversal-triggered electric resistance change that can be observed in any ultrathin ferroelectric capacitor (also known as a ferroelectric tunnel junction [FTJ]), could be dramatically enhanced in an all-oxide MFTJ with multiferroic complex oxide interfaces such as La 1-x A x MnO 3 /BaTiO 3 (A = Sr, Ca). 58 -60 More information on the principles and progress of such MFTJs and FTJs can be found in recent review articles, 61 -63 including one in MRS Bulletin . 
Ultralow-power tunable radiofrequency/microwave magnetic devices
Tunable radio-frequency (RF)/microwave magnetic devices, such as tunable inductors, tunable fi lters, tunable resonators, and phase shifters, have been widely deployed in aircraft, satellites, and portable communication systems. 5 , 64 , 65 Such tunable RF/microwave magnetic devices typically operate on the basis of a dramatic change in permeability at approximately the ferromagnetic resonance (FMR), which arises from the precessional motion of magnetization in an external magnetic fi eld. Therefore, a currentdriven electromagnet is typically necessary in these devices (see schematic in Figure 4 a), which, in principle, makes them energy-consuming, bulky, noisy, and diffi cult for on-chip integration. In multiferroic magnetoelectric nanostructures, the permeability of the magnetic phase can alternatively be tuned by a non-power-dissipating electric fi eld mediated by electrostrains, enabling electrically tunable RF/microwave magnetic devices with ultralow power consumption. An electric fi eld is also easy to generate and localize on a chip, which is benefi cial for device miniaturization.
For example, in a horizontal magnetoelectric nanostructure consisting of a 20-nm-thick Co 20 Fe 60 B 20 (CoFeB) fi lm grown on top of a 500-μ m-thick (011)-oriented PMN-PT layer (see Figure 4b ), a small electric fi eld of 1.5 kV cm -1 applied across the nanostructure can shift the FMR frequency of the CoFeB fi lm by up to 2.3 GHz (see Figure 4c ) , 66 based on an electrostrain-induced change in permeability. 5 Although the use of magnetic alloys (e.g., CoFeB and FeGaB 67 ) with large magnetostriction can lead to high strain-mediated electrical tunability, the high microwave loss of these alloy materials is an important issue. Low-loss magnetic ferrites such as epitaxial single-crystal yttrium iron garnet (YIG) have been widely used in magnetically tunable RF/microwave devices, but their smaller magnetostriction leads to lower electrical tunability. Nevertheless, it is possible to achieve reasonably high electrical tunability in YIG-based magnetoelectric nanostructures with sharp and elastically coherent interfaces. For instance, in a high-quality multilayered magnetoelectric nanostructure of YIG (300-nm-thick)-Pt (30-nm-thick)-(Ba,Sr)TiO 3 (BSTO, 1-μ m-thick)-Pt (50-nm-thick) grown on a single-crystal gadolinium gallium garnet substrate, 68 a maximum electrical tunability of FMR of above 2 MHz V -1 can be achieved at 25 V, which is nearly one order of magnitude larger than that in a bulk heterostructure with a mechanically bonded YIG (7-μ mthick) layer and BSTO ceramic slab (500-μ m-thick).
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Ultralow-cost magnetic fi eld sensors
Ultrasensitive and high-spatial-resolution magnetic fi eld sensors are critically important to noninvasive medical imaging and diagnosis, such as magnetoencephalography (MEG, which detects magnetic fi elds of the brain to analyze neural activities), cardiological diagnosis, and magnetogastrography, which detects magnetic fi elds of the stomach. Given that the magnetic fi elds produced by human organs are typically weak, ranging from 10 fT to 1 pT, 70 , 71 and have low frequencies (below 10 3 Hz), 72 magnetic fi eld sensors with sub-picotesla sensitivity in this frequency range are desired. This leaves no option but to use ultrasensitive magnetic fi eld sensors based on high-density arrays of a superconducting quantum interference device (SQUID), which, however, require expensive and cumbersome cryogenic systems (e.g., see a practical MEG system from the brain mapping center of University of Pittsburgh Medical Center at www.meg-brain-mapping.pitt.edu ). Thus, it is imperative to develop a novel low-cost magnetic fi eld sensor whose sensitivity is comparable to that of a SQUID-based sensor. Multiferroic-magnetoelectric-compositebased magnetic fi eld sensors, with ultralow cost and compact size, 73 have been demonstrated as among the most promising candidates. These magnetoelectric sensors allow a direct transformation (i.e., without requiring source current) of a weak AC magnetic fi eld signal into a voltage signal over a broad temperature range (e.g., from -35°C to 85°C; see Reference 74 ) through a strain-mediated direct magnetoelectric coupling (i.e., magnetically tunable polarization). 75 -77 In particular, the sensitivity of magnetoelectric sensors based on bulk magnetoelectric composites 72 can become comparable to that of a SQUID-based sensor if the frequency of the target magnetic fi eld is equal or close to the electromechanical resonance frequency (typically 10 4 -10 5 Hz) of the constituent ferroelectric/ piezoelectric material. 78 However, it is diffi cult to utilize bulk magnetoelectric composites to fabricate high-density magnetoelectric sensor arrays for biomedical use. 79 More importantly, the sensitivity of existing magnetoelectric sensor prototypes is insuffi cient to detect low-frequency (below 10 3 Hz) AC magnetic fi elds for the following three reasons. First, the strain-mediated direct magnetoelectric response is typically low (resulting in weak magnetically induced voltage signals) if the frequency of the target AC magnetic fi eld is far from electromechanical resonance. Second, the noise level increases signifi cantly with decreasing frequency f because of the 1/ f noise, 80 , 81 as in other types of magnetic fi eld sensors. Third, the externally applied DC bias magnetic fi eld, commonly used to set the piezomagnetic coeffi cient at a maximum to maximize the direct magnetoelectric coupling, 3 , 82 creates an additional noise source. The use of such an external bias magnetic fi eld in high-density magnetoelectric sensor arrays would also lead to crosstalk among neighboring sensors and, hence decrease the spatial resolution.
Recently, on a silicon cantilever substrate, a horizontal magnetoelectric nanostructure consisting of a magnetic multilayer of Ta/Cu/Mn 70 Ir 30 /FeCoSiB (or Fe 50 Co 50 ) grown on a 2-μ m-thick piezoelectric AlN layer was fabricated. 83 Because of the tightly bonded interfaces at the nanoscale (see Figure 5 a) and the relieved mechanical constraint from the substrate in the cantilever geometry (i.e., the multilayer is only clamped on one end, see the inset of Figure 5b ) is obtained under zero externally applied bias magnetic fi eld ( Figure 5b ), which is benefi cial for achieving a low noise level and a high spatial resolution. Indeed, with this built-in bias magnetic fi eld and the high value of α H ,31 , a high sensitivity limit of 10 pT Hz -1/2 was achieved at resonance frequency for the FeCoSiB-based magnetoelectric nanostructure. By optimizing the thickness and magnetic domain structure of the FeCoSiB layer, α H ,31 was recently enhanced to about 430 V cm -1 Oe -1 at a lower resonance frequency of about 700 Hz, 84 which should lead to an even higher sensitivity.
More recently, a novel nanoelectromechanical systems (NEMS) magnetoelectric resonator consisting of a multilayered AlN/(FeGaB/Al 2 O 3 ) heterostructure on an etched silicon substrate was developed for detecting low-frequency AC magnetic fi elds. 85 In such an NEMS magnetoelectric resonator, the magnetic fi eld can be sensed not only by electrically detecting the magnetically tunable polarization, where an external or built-in DC bias fi eld is required, as mentioned earlier, but also by electrically detecting the magnetically tunable electromechanical resonance frequency. The latter is based on the Δ E effect 86 (i.e., magnetic-fi eld-induced changes in the Young's modulus of magnetic materials), and these changes are nonzero under zero DC bias magnetic fi eld. Thus, in the latter scenario, a DC bias magnetic fi eld is no longer required. Furthermore, the frequency of the target AC magnetic fi eld does not have to be the same as the electromechanical frequency for the enhanced sensitivity, allowing the detection of a broadband low-frequency AC and even DC magnetic fi elds. 85 It is also easy to integrate such NEMS resonators with CMOS platforms to fabricate high-density magnetoelectric sensor arrays.
Outlook
The interface-based magnetoelectric coupling in multiferroic magnetoelectric nanostructures is being exploited for many exciting device technologies. Compared to bulk multiferroic magnetoelectric heterostructures, these magnetoelectric nanostructures are easier to integrate on a chip, and their interfaces can be controlled or designed for enhanced magnetoelectric coupling or new functionalities (e.g., MFTJ). Despite the bright future and notable progress, many challenges remain to be overcome before the practical use of these magnetoelectric nanostructures in the mentioned device technologies.
To compete with the complex but very effective HAMR technology, larger electric-fi eld-induced reductions in the perpendicular magnetic anisotropy and magnetic coercive fi eld are desirable for EAMR. This requires further enhancement of the converse magnetoelectric coupling across the magneticferroelectric interface in the layered magnetoelectric composite thin fi lm (shown in Figure 2a ) , which is challenging because the electric-fi eld-induced strain would be limited by substrate clamping. One promising solution is to exploit interfacial charge-mediated converse magnetoelectric coupling, which can become effective over a long spatial scale (up to tens of nanometers) near the interface through exchange coupling 22 or magnon excitation 87 , 88 and can become stronger with intervention from interfacial redox reactions. 89 -91 A more promising solution is based on high-density arrays of layered magnetic-ferroelectric nanoislands. Such novel magnetoelectric nanostructures were recently predicted to show strong strainmediated magnetoelectric coupling due to the extraordinarily large (1% and above) electric-fi eld-induced homogeneous strains 29 , 30 and, in particular, to exhibit a purely electrically driven reversal of uniform magnetization 30 that can be exploited for both high-density HDD (see Figure 2b ) and high-density perpendicular MRAM. Both predictions remain to be verifi ed by experiments.
For application as electrically tunable RF/microwave devices, one of the challenges is to develop magnetic materials (most likely, based on ferrites) that simultaneously exhibit low microwave loss and large magnetostriction (for high strainmediated electrical tunability). A promising approach to achieving greater fl exibility for materials selection and design is to exploit interfacial charge-mediated converse magnetoelectric coupling (as recently demonstrated experimentally 92 , 93 ), such that large magnetostriction is no longer necessary.
It is appealing to replace the expensive and bulky SQUIDbased magnetic sensor arrays with low-cost and compactsized magnetoelectric-nanostructure-based magnetic sensor arrays for biomedical imaging and diagnosis. The high sensitivities on the order of pT Hz -1/2 for low-frequency (<10 3 Hz) magnetic fi eld detection, recently achieved in self-biased multilayered magnetoelectric nanostructures, 83 , 85 represent important progress, but there is still a long way to go. One of the most immediate needs is to further enhance the lowfrequency magnetic fi eld sensitivity to the order of ƒ T Hz -1/2 : a level not far from that of SQUID-based magnetic sensors. 94 , 95 This should be pursued, on one hand, by enhancing the direct magnetoelectric coupling (e.g., by optimizing the microstructure and interfaces of such multilayered magnetoelectric nanostructures 84 or possibly by operating them in shear mode 96 ) and, on the other hand, by reducing the noise level. 97 We especially thank X.X. Cheng for help preparing the schematic fi gures and M.-C. Lu 
